Integrin-and cadherin-mediated adhesion is central for cell and tissue morphogenesis, allowing cells and tissues to change shape without loosing integrity. Studies predominantly in cell culture showed that mechanosensation through adhesion structures is achieved by force-mediated modulation of their molecular composition. The specific molecular composition of adhesion sites in turn determines their signalling activity and dynamic reorganization. Here, we will review how adhesion sites respond to mecanical stimuli, and how spatially and temporally regulated signalling from different adhesion sites controls cell migration and tissue morphogenesis.
Introduction
The ability of cells to sense and respond to their mechanical environment is critical for cell and tissue rearrangement and homeostasis in development. Cells establish contact with their environment through a variety of receptors mediating adhesive interactions with the extracellular matrix (ECM) and neighbouring cells. Studies in the last decades showed that cell-cell and cell-matrix adhesions are critical for cells and tissues to respond to mechanical stimuli from their environment. Both cell-cell and cell-matrix adhesions bear intrinsic mechanosensitivity, which allows them to promptly respond to stress and effectively propagate signals controlling cell shape and motility. This mechanosensitive response has been associated with pronounced changes in the size and molecular composition of specific adhesion sites and, consequently, the signals evoked by those adhesion sites. Eventually, the combination of different signals from heterogeneous adhesion sites allows cells and tissues to undergo contiguous alterations in shape and motility.
In this review, we will present recent advances in the understanding of how signals evoked by different adhesion sites are spatially and temporally integrated during cell and tissue movements, and how mechanosensation functions therein. We will first give an overview of studies in cell culture that have addressed how stress affects local changes in cell-matrix and cell-cell adhesion site composition and how differences in the composition of those adhesion sites affect their adhesive and signalling properties. We will then describe how the spatiotemporal propagation of signals from different types of adhesion sites control cell integrity, polarity and movements.
Adhesion molecules, such as integrins and cadherins, are generally thought to have multiple functions in cell and tissue morphogenesis, including the regulation of cell adhesion, gene expression and growth factor signalling. As these different functions have already been extensively covered by excellent recent reviews (Stemmler, 2008; Winklbauer, 2009; Rozario and DeSimone, 2010) , here we will primarily focus on the function of mechanosensation and spatiotemporal coordination of adhesion signalling in cell and tissue morphogenesis.
Function of mechanosensation in adhesion site modulation
Both cell-matrix and cell-cell adhesion sites are highly heterogenous structures in terms of their molecular composition, spatial organization and dynamics. In this section, we will discuss how mechanical signals can spatially and temporally control the composition of adhesion sites, and how differences in the composition of adhesion sites in turn modulate their adhesive, mechanosensitive and signalling properties.
blasts build different forms of integrin-ECM adhesion sites in a highly spatially and temporally ordered manner (Ballestrem et al, 2001; Zamir and Geiger, 2001 ). These adhesion sites can be morphologically subdivided in at least three types with distinct molecular composition, dynamics and adhesive properties.
Nascent focal complexes (FXs) are highly dynamic dot-like structures that assemble under the lamellipodium during initial cell spreading and/or migration. The formation of these complexes depends on myosin light chain kinase (MLCK)-controlled myosin contractility (Giannone et al, 2007) . These nascent complexes are enriched in integrin aVb3 and contain only a subset of focal adhesion (FA) proteins, among which vinculin and talin are most prominent Zamir et al, 2000; reviewed in Zaidel-Bar et al, 2003 . Within a short time span (around one minute), nascent complexes are either disassembled or undergo maturation into FAs (Zaidel-Bar et al, 2003) . Assembly and maturation of integrin-based adhesion sites are strongly dependent on local tension (Galbraith et al, 2002) , substrate stiffness (Saez et al, 2005) and requires Rho kinase (ROCK)-mediated cytoskeleton contractility (Ballestrem et al, 2001) . (Frelinger et al, 1990; Takagi et al, 2002; Kim et al, 2003; Xiao et al, 2004; Askari et al, 2009 ) that increases their ligand-binding affinity. Binding of talin (Tadokoro et al, 2003; Wegener et al, 2007; reviewed in Anthis et al, 2009 ) and kindlins (Ma et al, 2008; Montanez et al, 2008; Moser et al, 2008) to the cytoplasmic portion of integrin dimers also promotes integrin activation. Activated integrins form a complex with their ligand and talin, which again is needed for integrin clustering (Kim et al, 2004; Cluzel et al, 2005) . Force has also been shown to promote integrin-based adhesion assembly and maturation by inducing conformational changes of talin that facilitates binding to vinculin (Lee et al, 2007; del Rio et al, 2009) . The vinculin-talin complex in turn acts as a 'molecular clutch' that enables transmission of actomyosinmediated centripetal tension between the cytoskeleton and integrins (Hu et al, 2007) . Therefore, depending on the tension exerted by the cytoskeleton and the pliability of the substrate, FXs undergo ROCK-dependent reinforcement, recognizable by an increase in integrin and vinculin density (Ballestrem et al, 2001; Humphries et al, 2007) . This stressinduced increase in integrin and vinculin density then triggers the transformation of FXs into mature FAs, which are multi-molecular scaffolds consisting of 4100 different components (reviewed in Geiger et al, 2009 Figure 1 Force-dependent remodelling of integrin-ECM adhesion site composition and signalling activity. (A) Tension defines the molecular composition and size of integrin-ECM adhesion sites. Assembly of nascent integrin avb3-containing focal complexes (FXs) at the cell edge is driven by MLCK. FXs interact with sliding actin filaments through a 'molecular clutch', enabling tension-dependent maturation into focal adhesions (FA), which is driven by ROCK. FAs trigger stress fibre assembly. ROCK-dependent maturation of integrin a5b1-containing fibrillar adhesions is necessary for ECM assembly and stable cell-substrate attachment. The maturation of integrin-ECM adhesion structures is dependent on tension created by myosin-driven centripetal sliding of actin cytoskeleton. (B) Molecular composition of integrin-ECM adhesion sites defines their signalling activities. RhoA is activated at the edge of peripheral cell protrusion by an unknown mechanism. Integrin avb3-containing FAs trigger peripheral Rac/Cdc42 activation that propagates distally and is necessary for stabilizing cell protrusions and downregulating peripheral RhoA activity. FAs also trigger activation of Src and MLCK that are essential for FA turnover during cell spreading and migration. Central integrin a5b1-containing adhesions reactivate RhoA, thereby contributing to the increase of centripetal actomyosin tension.
components of mature FAs have both scaffolding (e.g. p130Cas and paxillin) and signalling (focal adhesion kinase (FAK) and Src) functions, some of which are in turn modulated by tension (Sawada and Sheetz, 2002) . Mature FAs trigger formin-mediated polymerization of actin into stress fibres (Hotulainen and Lappalainen, 2006) and translate mechanical stimuli from the outside of the cell into intracellular signals that determine cell shape and motility (see section 'Cell-matrix adhesion signalling' below). Some of the mature FA components are essential for haptotactic movements of cells towards stiffer substrates, suggesting that they have mechanosensory functions (Wang et al, 2001a; Frey et al, 2006) , and drive FA turnover, needed for efficient cell migration (Webb et al, 2004) . Nascent FXs and FAs are predominantly required for probing the environment and for haptotactic migration. These functions are thought to be mediated by integrin b3, which is preferentially localized at FXs and FAs and has been shown to have a critical function in mechanosensing . FAs in the periphery of the cell either become disassembled in the course of cell migration or slide under the body of the migrating cell and evolve into fibrillar adhesions (FB). Fibrillar adhesions accumulate integrin a5b1 dimers, which provide stable adhesion to the ECM (Roca-Cusachs et al, 2009) and trigger ECM assembly (Huveneers et al, 2008) . The transition from integrin aVb3-enriched FAs towards integrin a5b1-enriched fibrillar adhesions is driven by ROCK-stimulated actomyosin contractility ( Figure 1A ) (Bershadsky et al, 2003; Wierzbicka-Patynowski and Schwarzbauer, 2003) .
Disassembly of FAs also seems to be a force-dependent process. Myosin II is required for controlled FA disassembly at the trailing edge of migrating cell (Vicente-Manzanares et al, 2007) . Conversely, decrease of local stress exerted at individual FAs by stress fibres leads to their rapid disassembly (Chrzanowska-Wodnicka and Burridge, 1996) . Disassembly of FAs is also regulated by recruitment of specific proteins (Marshall et al, 2009 ) and stress-induced conformational changes of particular components (Chen et al, 2005; Papusheva et al, 2009) .
Taken together, studies on integrin-mediated cell-matrix adhesion in two-dimensional cell cultures have provided evidence that mechanical stimuli regulate the molecular composition and spatial organization of cell-matrix adhesion sites, and that different adhesion sites have distinct mechanosensory properties. In three-dimensional cell culture, integrin-ECM adhesion sites are less heterogeneous (Cukierman et al, 2001) , suggesting that stress-induced maturation and functional specification of adhesion sites might be less pronounced. However, the stochiometry and dynamics of FA sites, which have previously been shown to be an important factor in adhesion site maturation and segregation (Digman et al, 2009), has not yet analysed the three-dimensional cultures. It will be important to test how the complex machinery of FA site maturation and functional specification is coordinated in three-dimensional environments such as the developing embryo.
Cell-cell adhesion
Adherens junctions are localized cell-cell contacts that use classical cadherins as adhesion molecules. Adherens junction formation is initiated by the homophilic interaction between the extracellular domains of classical cadherins in neighbouring cells. The initial contact is followed by clustering of cadherins, contact zone enlargement and contact strengthening ( Figure 2A) .
The cytoplasmic domains of cadherins bind proteins that are involved in regulating the actin cytoskeleton, gene transcription and vesicular traffic. The most prominent of those proteins are b-catenin, p120-catenin and a-catenin. E-cadherin must bind to b-catenin in order to exit from the endoplasmic reticulum (Chen et al, 1999) . This interaction is regulated by phosphorylation (Lickert et al, 2000; Huber and Weis, 2001 ). Once at the plasma membrane, E-cadherin is stabilized by the binding of p120-catenin during initial contact formation. a-catenin is thought to be involved in interactions of membrane-bound E-cadherin complexes with components of the actin cytoskeleton, although the precise mechanisms of this interaction are still debated.
Monomeric a-catenin has been proposed to bind to the E-cadherin-b-catenin complex, but not to actin . It has further been suggested that a local increase of a-catenin concentration upon cadherin clustering triggers a-catenin dimerization. Dimeric a-catenin in turn binds actin filaments, but not the E-cadherin-b-catenin complex Yamada et al, 2005) . Binding of a-catenin dimers to actin promotes bundling of actin filaments. At the same time, dimerized a-catenin inhibits binding of Arp2/3 (actin-related proteins 2 and 3) complex to actin filaments, thereby suppressing local actin branching . In vivo analysis showed that a-catenin is associated with adherens junction remodelling in the early embryonic epithelium of Drosophila, and that E-cadherin clusters are stabilized at adherens junctions through connections with cortical actin in an a-catenin-independent manner (Cavey et al, 2008 ). An indirect link between the E-cadherin-b-catenin-a-catenin complex and actin is also provided by epithelial protein lost in neoplasm (EPLIN), an actin-binding protein also known as Lima-1 (Abe and Takeichi, 2008) .
There is increasing evidence that adherens junctions are heterogenous in their molecular composition, adhesive strength and dynamics. Similar to cell-matrix adhesions sites, this heterogeneity is thought to be regulated by mechanotransduction. Recent studies showed that cadherinmediated cell-cell junctions are modulated in a force-dependent manner (Ladoux et al, 2010) . When E-cadherin-expressing cells contact each other, MLC phosphorylation increases (Shewan et al, 2005) , and myosin II is recruited to the peripheral zone of the contact where it aids in expanding the contact area (Yamada and Nelson, 2007) . Myosin II activity is required for cadherin-clustering and cell-cell contact zone expansion (Yamada and Nelson, 2007) and strengthening (Liu et al, 2010) . Myosin II activity further enhances cadherin junctions by modulating vesicular transport of new E-cadherin molecules to the forming junction (Kametani and Takeichi, 2007) . Eventually, this leads to increased cadherin density at the contact site, and consequently increased probability of cadherin binding and increased adhesion (Zhang et al, 2009) .
At later stages of adherens junction maturation, myosin II is depleted from the central region of the expanding contact (Yamada and Nelson, 2007) . At mature cell-cell junctions, myosin IV recruits vinculin, thereby contributing to adhesion strengthening (Maddugoda et al, 2007) . Recent work showed that recruitment of vinculin to mature cell junctions is mediated by stress-dependent conformational changes in a-catenin (Yonemura et al, 2010 ). It appears, therefore, that cadherin-mediated cell-cell junctions undergo stressdependent adhesion strengthening in a way reminiscent of cell-matrix adhesion sites.
Taken together, these data show that cadherin-mediated cell-cell contacts are heterogenous structures, which undergo stress-dependent changes in their molecular composition and structure. The function of this heterogeneity for adhesion persistence and strength, and the precise mechanisms controlling it, remain to be elucidated.
Spatial integration of signals from cell-cell and cell-matrix adhesion sites
Engagement of adhesion receptors triggers numerous signals that control cell shape, polarity and integrity. In this section, we will discuss how different adhesion sites translate stress into signals regulating cell morphogenesis.
Cell-matrix adhesion signalling
Integrins are thought to regulate membrane dynamics and cell shape changes by modulating the activity of Rho-family GTPases, such as RhoA, Rac, Cdc42 and Src-family kinases ( Figure 1B ). Integrin-dependent spreading of fibroblasts on fibronectin-coated substrates causes a rapid and transient upregulation of Rac and Cdc42, and downregulation of RhoA activity. This effect of integrins depends on formation of peripheral FAs, which are enriched in integrin aVb3 receptors and contain phosphorylated (active) FAK/Src/ p130Cas complexes and paxillin. It has further been suggested that FA-mediated Rac activation and FAK/Src complex formation synergistically downregulate RhoA activity, which in turn relieves local tension, thereby facilitating Rac-and Cdc42-driven protrusion formation (reviewed in Huveneers and Danen, 2009 ). Recent advances in Förster Resonance Energy Transfer (FRET) imaging and the development of photo-activatable proteins allowed visualizing the spatiotemporal coordination of RhoA and Rac/Cdc42 signalling in individual protrusion formation (Machacek et al, 2009) (Figure 1B ). At the onset of protrusion formation, a narrow band of RhoA activation becomes visible at the cell edge. This is followed by Cdc42 and Rac activation close to the cell edge, which subsequently downregulates RhoA activity. This is most clearly shown in experiments where localized activation of a photo-switchable version of Rac leads to a localized downregulation of RhoA, which then rapidly spreads across the cell (Wu et al, 2009) . These data suggest that RhoA has a function in the initiation of protrusion formation, whereas Rac and Cdc42 inhibit RhoA in order to reinforce and stabilize the expanding protrusions.
It is still unclear whether adhesion signals are responsible for RhoA activation at the protruding edge. In contrast, Rac is activated at the sites of FA assembly and a wave of Rac activation propagates outwards during cell spreading (Xia et al, 2008) . Moreover, integrin clustering is essential for its interaction with Rac and p21-activated kinase (PAK) (del Pozo et al, 2000) , and the Rac/PAK complex is required and sufficient to initiate protrusion formation (Wu et al, 2009 ). This indicates that the assembly of peripheral FAs causes Rac activation and that the Rac/PAK complex causes initiation and/or stabilization of new cell protrusions.
The suppression of RhoA activity upon integrin/Rac signalling at the cell periphery of spreading cells and in advancing cell protrusions is transient and followed by an increase of RhoA activity as soon as mature integrin a5b1-containing adhesion sites and stress fibres have assembled (Dubash et al, 2007; Lim et al, 2008) . However, the exact mechanisms by which integrin a5b1 engagement activates RhoA is not yet clear. RhoA activation is essential for ECM assembly (Wierzbicka-Patynowski and Schwarzbauer, 2003) and stable attachment of cells to the substrate (Danen et al, 2002) . Moreover, integrin-mediated activation of RhoA and its effectors ROCK and Diaphanous is required for cell integrity and stress-induced polarization (see also section 'Adhesion signalling and cell integrity').
Stimulation of integrins leads to assembly and activation of the FAK/Src complex, followed by downstream activation of ERK and MLCK (Schaller et al, 1994; Schlaepfer et al, 1998; Fincham et al, 2000; reviewed in Mitra et al, 2005) . These signals are essential for haptotactic cell migration and modulation of FA turnover (Wang et al, 2001a; Webb et al, 2004) . Local activation of Src by mechanical stimuli propagates rapidly across the cell body (Wang et al, 2005; Na et al, 2008) . Integrin-mediated Src activation has been suggested to control cell shape changes in both a Rac-dependent andindependent manner (Wang et al, 2005; Ouyang et al, 2008; Poh et al, 2009) .
Taken together, different cell-matrix adhesion sites propagate distinct spatial signals. Peripheral adhesion sites enriched in integrin aVb3 activate Rac, which in turn downregulates RhoA activity and thereby facilitates protrusion formation. In contrast, more centrally located integrin a5b1-enriched fibrillar adhesion sites re-activate RhoA, which is essential for ECM assembly and stable cell attachment. Src activation is involved in mechanosensing and turnover of FAs.
Cell-cell adhesion signalling
Signals from cadherin containing cell-cell adhesion sites can substantially vary depending on the location and maturity of the junctions. Biochemical studies showed that Rac1 and Cdc42 are activated upon E-cadherin engagement, whereas RhoA activity is downregulated on a slower time scale (Noren et al, 2001; Betson et al, 2002 ). E-cadherin-mediated suppression of RhoA activity is thought to be mediated by p120-catenin (Anastasiadis et al, 2000) . Recent works using FRET biosensors and in vivo imaging of fluorescent reporters provided detailed insight into the spatial organization of adherens junction signalling ( Figure 2B ) (Yamada and Nelson, 2007; Perez et al, 2008) . Upon initial E-cadherinmediated cell-cell contact, Rac is activated directly at the contact site. As contact expansion proceeds, active Rac, together with the Arp2/3 complex and associated formation of lamellipodia, is restricted to the external, newly formed contact sites. In contrast to the biochemical observations mentioned above, RhoA appears to be also activated at the newly formed contact sites, and ROCK-driven actomyosin contractility is required to expand the contact. Both RhoA and Rac activities rapidly diminish as E-cadherin density increases during contact maturation. This downregulation is accompanied by the disappearance of branched actin at the maturing contact. It is not yet clear what drives such rapid downregulation of Rho-family GTPases in the maturing adherens junction. However, as in many systems increased RhoA and Rac activities are associated with destabilization of adherens junctions (Sahai and Marshall, 2002; Yano et al, 2004; de Rooij et al, 2005) , it is quite likely that this downregulation stabilizes the contact.
Cadherin-mediated modulation of Src activity was also shown to control adherens junction maturation (McLachlan et al, 2007; Ren et al, 2009) . Src activation at forming cell-cell contact sites leads to an accumulation of phosphatidylinositol 3-kinase (PI3K), which propagates across the membrane while being downregulated at the initial contact site (Perez et al, 2008) . PI3K in turn is thought to stabilize adherens junctions by phosphorylating the actin-regulatory protein contractin (Ren et al, 2009 ) at the adhesion site. Notably, constitutively active PI3K completely rescues the adherens junction defect resulting from defective Src activity, whereas the propagation of Rac activity is not affected by the inhibition of PI3K (Perez et al, 2008) . It thus appears that cadherin engagement at forming cell-cell contacts triggers two signalling pathways-RhoA/Rac signalling responsible for contact expansion and Src/PI3K signalling involved in adherens junction stabilization. Questions remain as to how these two pathways interact at maturing adhesion sites in order to achieve junction stabilization and remodelling.
Taken together, adherens junctions at different stages of maturity activate different signals, which in turn control distinct aspects of peripheral cytoskeleton dynamics.
Adhesion signalling and cell integrity
Cells are exposed to mechanical stimuli and generate forces themselves through actomyosin contractions. The ability of cells to exert, transmit and resist forces without loosing their integrity requires a close coordination of local extrinsic and intrinsic stress. Force-induced signals from different adhesion sites are critical for the coordinated response of cells exposed to mechanical stimuli.
The cytoplasm of animal cells is under pressure generated by the contractile actomyosin cortex ( Figure 1A ) (Dai et al, 1999; Hagmann et al, 1999) . In order to resist this centripetal tension and maintain their specific shape, cells have to build structures that can bear the load. The microtubule network has been suggested to represent one of those structures (Wang et al, 2001b) ; however, microtubules are unlikely to bear the major fraction of forces that can be measured at the periphery of adherent cells (Stamenovic et al, 2002) . It has, therefore, been proposed that adhesion contacts bridged by actomyosin cables are the main structures bearing the load exerted by cortical contractions (Thery et al, 2006; reviewed in Cai and Sheetz, 2009) .
The mechanosensitive nature of integrin-based cell-matrix adhesion sites allows for controlled adjustment of actomyosin assembly in response to local changes in stress. As already mentioned above, the formation of both peripheral FA sites and associated actomyosin cables is promoted by tension (Hotulainen and Lappalainen, 2006) . Moreover, the rate of actomyosin assembly at the FAs is proportional to the local stress (Rossier et al, 2010) . RhoA has critical functions in the stress-dependent remodelling of the actomyosin cytoskeleton at integrin-based adhesion sites (Hotulainen and Lappalainen, 2006; Rossier et al, 2010) . A general function of RhoA in actomyosin cytoskeletal rearrangements was shown by the observations that the RhoA effector Diaphanous regulates actomyosin assembly at FAs (Hotulainen and Lappalainen, 2006) , and that ROCK-dependent myosin II activity modulates actin cable treadmilling, stabilization and repair (Rossier et al, 2010) . Furthermore, inhibition of ROCK activity leads to the loss of cytosolic coherence (Cai et al, 2010; Rossier et al, 2010) and the concomitant disappearance of mature FAs. (Totsukawa et al, 2000 (Totsukawa et al, , 2004 . RhoA is also activated by stress and RhoA activity is required for stress-induced reorientation of the FA-associated actomyosin cables, suggesting that it mediates the effect of tension at FAs on rearranging the actomyosin cytoskeleton (Goldyn et al, 2009) .
Much less is known about the function of cadherin-based cell-cell adhesion in controlling cell integrity. However, recent studies in vivo have shown that cellular rearrangements in epithelial tissues are driven by apical-actomyosin networks that are contracting centripetally , and that components of the adherens junctions are critical for maintaining epithelial integrity during these contractions (Martin et al, 2010) . It is, therefore, conceivable that cadherin-based adherens junctions function as mechanosensors during epithelial morphogenesis, ensuring that epithelial tissue remains intact during actomyosin network contractions.
Taken together, RhoA-mediated stress-induced rearrangements of the actomyosin cytoskeleton at different adhesion sites allow cells to integrate extrinsic and intrinsic mechanical stimuli while maintaining cellular integrity.
Adhesion signalling in morphogenesis
During embryonic development, cells assemble into tissues and undergo large-scale collective movements. The mechanosensory properties of cell-cell and cell-matrix adhesion have a central function in these processes. In this section, we summarize current knowledge about how spatially and temporally regulated adhesion signalling controls epithelial morphogenesis and collective cell migration, and how mechanosensation functions therein.
Adhesive crosstalk in epithelial polarization
The assembly of cells in epithelial sheets is essential for compartmentalization of the body. Specialized epithelial tissues have barrier function, enable polarized transport and secretion and control tissue architecture. The functionality of an epithelium depends on the polarization of its constituent cells along their apicobasal axis. Apicobasal cell polarization becomes apparent by the segregation of the plasma membrane into non-intermixing apical and basolateral compartments ( Figure 3A) . The basolateral compartment is involved in adhesive interactions with surrounding cells and the ECM. The apical compartment is a non-adhesive compartment facing an 'outside' luminal space or equivalent structures. It can also form a primary cilium and controls secretion in secretory epithelia. The establishment of an apical-basolateral cell polarity is regulated by several molecular complexes, called polarity complexes, that become localized to the respective membrane compartments (reviewed in Bryant and Mostov, 2008; Nelson, 2009) . Ectopic localization of polarity complexes disrupts apicalbasolateral cell polarization and interferes with epithelia formation and function (reviewed in Bryant and Mostov, 2008; Nelson, 2009) .
Cadherin-mediated cell-cell adhesion has an important function in the assembly and polarization of epithelial tissues (Larue et al, 1994; Wang et al, 2004; Halbleib and Nelson, 2006; Capaldo and Macara, 2007) . The establishment of cadherin-mediated cell-cell contacts triggers the polarized delivery of basolateral membrane proteins (Nejsum and Nelson, 2007; Shaw et al, 2007) . Moreover, cell shape changes associated with the establishment of cadherin-based adherens junctions polarize the cell interior, resulting in the localization of the Golgi complex and Microtubule Organizing Center towards the non-adhesive apical surface (Dupin et al, 2009) .
Although the basolateral compartment is generated as a direct consequence of cadherin-mediated cell-cell contact formation, positioning of apical surface is also controlled by external cues. In cultured epithelial cell sheets, the apical compartment is induced by both contact with the medium and the adhesion of the basal cell surface to the ECM (O'Brien et al, 2002; Zegers et al, 2003; Bryant and Mostov, 2008; Sacharidou et al, 2010; Zovein et al, 2010) . How ECM adhesion controls apical compartment formation is not yet fully understood, but adhesion of the basal compartment to the ECM has been suggested to localize phosphatase and tensin homologue (PTEN) to apical junctions, which triggers (Koh et al, 2009) . Localized Cdc42 signalling is dispensable for apicobasal polarization in individual cells, but essential for apical lumen formation in multi-cellular aggregates (Jaffe et al, 2008) . Cdc42 functions in apical lumen formation by controlling the assembly of apical junctions complexes (AJC) at the boundary between basolateral and apical domains in the neighbouring cells (Wu et al, 2007) .
AJC are specialized adhesion structures that separate apical and basolateral compartments in epithelial cells. AJC consist of several domains, and recruit a number of adhesion molecules, including classical cadherins, and intracellular adaptors (Gibson and Perrimon, 2003; Labouesse, 2006) . AJC localize the PAR3-atypical protein kinase C (aPKC) complex at the apical membrane, which in turn recruits PTEN and triggers apical PIP2 accumulation (MartinBelmonte et al, 2007) . Recruitment of aPKC causes phosphorylation of LGL and dissociation of basal markers from the apical membrane (Betschinger et al, 2003; Plant et al, 2003; Hutterer et al, 2004) . These findings suggest that AJC have central functions in apical-basolateral cell polarization, although it is not yet fully clear how the AJC interact with the polarity complexes.
The mechanosensory crosstalk between cadherin and integrin-mediated adhesion is critical for the assembly and stability of epithelial tissues ( Figure 3B ). Integrin-mediated cell-matrix adhesion on collagen-coated substrates promotes epithelial-to-mesenchymal transtition (EMT) and scattering of MDCK cells, whereas adhesion to other ECM proteins, such as fibronectin, vitronectin and laminin, stabilizes the epithelial state (Clark, 1994; Sander et al, 1998) . Adhesion to fibronectin can also promote cell scattering (de Rooij et al, 2005) . The precise effect of ECM adhesion on the integrity of epithelial cell layers appears to depend on composition of integrin dimers expressed and their specific signalling capabilities (Gimond et al, 1999; de Rooij et al, 2005; Zhou and Kramer, 2005) . The cell scattering function of integrins was associated with increased activity of RhoA and MLCK, which in turn triggers the mechanical disruption of cadherin-based adhesions (Avizienyte et al, 2002; Avizienyte and Frame, 2005; de Rooij et al, 2005) . Conversely, integrin signalling has been suggested to promote cell cohesion both in vitro and in vivo (Marsden and DeSimone, 2003; Yano et al, 2004) through downregulation of peripheral Rac activity and inhibiting membrane ruffling (Yano et al, 2004) . Integrinmediated adhesion was also recently shown to stimulate cadherin-mediated cell-cell cohesion by modulating RhoA/ ROCK, MLCK and Src signalling (Martinez-Rico et al, 2010), consistent with recent findings that show an enhancement of cadherin-mediated adhesion under tension (see also section 'Cell-cell adhesion'). These findings suggest that adherens junctions can differently respond to cytoskeletal contractions induced by integrin-ECM adhesion through Rho-family GTPases and Src/MLCK. Moderate contraction appears to promote adherens junction stability, probably by enhancing adhesion strength through a mechanosensory feedback loop (see also section 'Cell-cell adhesion'). In contrast, stronger contractile stresses might disrupt adherens junctions, thereby promoting EMT. The spatiotemporal regulation of integrin-ECM adhesion signalling might also be important for its function in epithelial integrity, as adherens junctions respond differently to Rho-family GTPase and Src/MLCK activity during expansion and maturation (see also section 'Cell-cell adhesion signalling'). Cadherins can also regulate integrin-ECM signalling. Endosomal E-cadherin signalling through Src and Rap1 promotes the adhesive function of integrins (Balzac et al, 2005) . In contrast, E-cadherin at apical junctions locally represses integrin-mediated adhesion, thereby contributing to the polarized basal assembly of hemidesmosomes in the zebrafish skin (Sonawane et al, 2009 ). C-cadherin-dependent cell cohesion provides tissue tension that is essential for the polarized fibronectin assembly in gastrulating Xenopus embryos (Dzamba et al, 2009) , suggesting a mechanosensory signalling link between cadherins and integrins.
Taken together, the crosstalk between cell-cell and cellmatrix adhesion has an important function in determining epithelial cell polarity. Cadherin-mediated cell-cell adhesion is directly involved in the generation of the basolateral compartment, whereas specialized cell-cell adhesion structures control the positioning of the apical domain. Integrinmediated cell-matrix adhesion controls apical-basolateral cell polarity by modulating cell cohesion and positioning of AJC. The interaction between integrins and cadherins likely involves a mechanosensory signalling link through the spatial regulation of cytoskeletal contractility. This mechanosensory link between intergrins and cadherins might also be involved in the regulation of epithelial morphogenesis (see also section 'Adhesion in epithelial remodelling').
Adhesion in epithelial remodelling
During morphogenesis, epithelial cell layers undergo dynamic shape changes. These changes involve cellular rearrangements within the plane of the epithelial sheet and cell invaginations. Planar cell rearrangements can also be a part of epithelial invaginations (Nishimura and Takeichi, 2008) . In order to maintain epithelial integrity while undergoing extensive cellular rearrangements, epithelial cells must retain and dynamically remodel adherens junctions that connect them with neighbouring cells. The molecular and cellular mechanisms underlying adherens junction stability and dynamics have been extensively reviewed elsewhere (Cavey and Lecuit, 2009; Nishimura and Takeichi, 2009 ). Therefore, we will only briefly summarize the main principles driving planar cell rearrangements and invaginations in epithelia, and then discuss how spatial and temporal regulation of adhesion signalling contributes to these processes.
Planar cell rearrangement has been most thoroughly studied in epithelial tissues of Drosophila embryos. There, epithelial cells undergo planar rearrangements by shortening their contacts with some neighbours while extending them with others. These cell-cell contact changes are driven by polarized contraction of single or multiple cell junctions, frequently leading to the assembly of transient cell patterns, such as rosettes (Bertet et al, 2004; Blankenship et al, 2006; Zallen and Blankenship, 2008) (Figure 4A ). Polarized cell junction contraction is achieved by actomyosin filaments localized at the apical junctions (Bertet et al, 2004; Fernandez-Gonzalez et al, 2009) . Assembly of junctional actomyosin filaments is regulated by local tension at the respective junction, suggesting that a mechanosensory feedback is involved in junction remodelling (FernandezGonzalez et al, 2009) . Different components of the apical junctions, such as Shroom 3, Moesin and Bitesize, also modulate apical actin assembly, which in turn stabilizes apical E-cadherin (Pilot et al, 2006; Cavey et al, 2008; Nishimura and Takeichi, 2008) . As tension can enhance cadherin-mediated cell-cell adhesion (Ladoux et al, 2010) , it is conceivable that tension at apical junctions could lead to increased recruitment of junctional components, such as Moesin and Bitesize, which in turn would recruit more actin and myosin, leading to further enhancement of junctional tension and thus building up a positive mechansensory feedback loop. It has also been suggested that apical E-cadherin junctions contain stable microdomains (spot junctions), which are connected with immobilized actin patches in an a-catenin-independent manner (Cavey et al, 2008) . At the same time, a-catenin links E-cadherin to a dynamic actin network, which determines the lateral mobility, or 'sliding' of apical spot junctions.
Epithelial cell sheet bending and invagination are primarily driven by apical cell constrictions, which were originally proposed to be achieved by the continuous purse string such as contraction of apical junctional actomyosin belt (Ettensohn, 1985) . However, recent studies showed that apical constrictions of epithelial cells during ventral furrow invagination and dorsal closure in Drosophila are triggered by stochastic pulsed contractions of individual cells Solon et al, 2009) . These contractions are driven by the coalescence of a non-junctional actomysosin web at the cell apex ( Figure 4B ), and each contraction cycle is followed by a partial stabilization of the contracted cell shape. Generation of contraction pulses in the ventral furrow cells seems to be not directly dependent on E-cadherinmediated adhesion (Martin et al, 2010) . However, E-cadherinbased spot junctions are needed to connect the actomyosin network between adjacent cells and thereby building up a supracellular actomysion network, which maintains epithelial integrity and transmits anisotropic tension across the tissue (Martin et al, 2010) .
During epithelial remodelling, the adherens junctions are thought to primarily act as mechanical anchors that provide adhesion between cells and function as ratchets that stabilize actomyosin-driven cell shape changes. However, the engagement of cadherins is known to trigger downstream signalling (see also section 'Cell-cell adhesion signalling'), and thus rearrangement of cadherin-based adhesion sites during epithelial movements is likely to trigger signals that also function in junctional remodelling. It is, therefore, conceivable that adherens junctions not only have mechanical and stabilizing functions in epithelia, but also actively generate and modulate forces that drive cellular rearrangements underlying epithelial morphogenesis. This assumption is supported by recent studies showing that Wiskott-Aldrich syndrome protein (WASP), a downstream effector of the Rhofamily GTPases Rac and Cdc42, is involved in modulation of apical cell constriction during Drosophila germband extension (Bertet et al, 2009) , and that Cdc42 functions as an important regulator of E-cadherin endocytosis during planar epithelial remodelling in the Drosophila notum (Georgiou et al, 2008) . As Rac and Cdc42 signalling is also modulated by adherens junctions themselves, there are likely to be feedback mechanisms between junctional remodelling and downstream signalling influencing this process. Future studies, similar to those carried out in cell culture (Yamada and Nelson, 2007; Perez et al, 2008) , will be needed to elucidate the nature, function and spatial propagation of adhesionmediated signals during junctional remodelling in vivo.
Although junctional remodelling of the apical surface is thought to represent an important process by which epithelia change shape, activity at the basolateral side of epithelial cells is also likely to contribute. It is conceivable that the interaction between apical and basolateral cell compartments taking place in the establishment of epithelial cell polarity (see also section 'Adhesive crosstalk in epithelial polarization'; Figure 3 ) is also involved in epithelial remodelling. The observation that the basal lamina is dynamically remodelled during Xenopus neurulation, and that this remodelling is critical for neural tube formation (Davidson et al, 2004) , suggest that the interaction of epithelial cells at their basal side with the ECM has an important function in epithelial morphogenesis. Analysis of epithelial remodelling in three dimensions will be needed to reveal how apical and basolateral compartments of epithelial cells interact in controlling this process.
Taken together, remodelling of epithelial sheets is driven by actomyosin contractility and seems to involve two major mechanisms-actomyosin assembly at the cell apex driving pulsed apical cell constrictions and apical adherens junctions functioning as ratchets that stabilize remodelled junctions. Moreover, the assembly of supracellular junctional actomyosin cables is needed to coordinate junctional remodelling and planar cell rearrangements within the tissue. Stress-mediated regulation of junctional remodelling appears to be critical for polarized rearrangements of epithelial tissues; however, the molecular and cellular mechanisms underlying this mechanosensory function still remain to be elucidated.
Adhesion in collective cell migration
During cell migration, external stimuli need to be translated into changes in cell shape and motility. Migration is a cyclic process during which a cell extends its front and retracts its Polarized junction contraction and expansion drives germ band elongation. During planar cell rearrangements, E-cadherin accumulated in 'spot junctions', which are connected to stable actin patches and linked to each other through a dynamic actin network 'slide' along the boundaries. (B) Epithelial invagination is driven by pulsed contractions of a non-junctional actomyosin network. During epithelial invagination, coalescing actomyosin networks form at the apex of the invaginating cells. These networks are connected with E-cadherinbased spot junctions. Stochastic centripetal contractions of the apical actomyosin networks, followed by the stabilization of the contracted states, drives apical constriction. E-cadherin-based spot junctions are essential for maintaining tissue integrity and stabilizing anisotropic cell shape changes during the contraction pulses.
trailing end, requiring extensive reorganization of the cytoskeleton (reviewed in Vicente-Manzanares et al, 2005; Webb et al, 2005) . During collective cell migration, this cyclic migration process needs to be coupled between neighbouring cells. The spatiotemporal regulation of cell adhesion and the mechanosensitivity of individual cells were proposed to have an important function for the efficient communication between cells during collective migration. For directed migration, cells need to sense and interpret chemical and/or mechanical cues in their environment. The way cells that undergo collective migration sense these cues depends on the coupling between the cells in the group. In tightly associated cells, such as epithelial cell layers, only the leading edge cells sense the directional cues. In the zebrafish lateral line primordium, for example, a small subset of cells at the leading edge of the primordium expressing the chemokine receptor CXCR4 is able to direct the migration of large number of CXCR4-negative cells, which adhere to the leading edge cells, towards a source of the chemokine SDF1 (Haas and Gilmour, 2006) . Similarly, during Drosophila border cell migration, activation of Rac in single cells is sufficient to direct migration of the whole group in the absence of other guidance clues (Wang et al, 2010) . In cultured epithelial cells sheets, the specific potential of leading cells to direct the migration of cells behind is determined by the recruitment of the tight junction protein occludin to the front of these cells (Du et al, 2010) . Occludin is thought to function in leading edge cells by recruiting the aPKC/PAR3 complex and thereby stimulating directed cell protrusion formation. In contrast, occludin-containing junctions are disassembled at the leading edge of the lateral line primordium (Lecaudey et al, 2008; Hava et al, 2009) , indicating that other adhesive structures might support directed protrusion formation in these cells. It is not yet clear, whether collectively migrating cells that are more loosely associated, such as vertebrate mesoderm cells undergoing convergence and extension movements ( Figure 5 ), undergo directed cell migration autonomously, or whether a small subset of cells directs their migration.
Cells use the information provided by external cues to modulate their adhesion required for directed migration. In many cases, such modulated adhesion is needed to initiate and/or stabilize front-to-rear cell polarization. During the migration of zebrafish prechordal plate progenitor cells, for example, the extension of frontal filopodia and lamellipodialike protrusions depends on E-cadherin expression in these cells (Montero et al, 2005) . During Xenopus and zebrafish gastrulation, lateral mesoderm progenitor cells acquire a bipolar shape, which is required for these cells to undergo mediolateral cell intercalations and, as a result of this, convergent extension movements (reviewed in Green and Davidson, 2007) . Both integrin-fibronectin adhesion and Wnt/planar cell polarity (Wnt/PCP) signalling are essential for mesoderm progenitors to undergo mediolateral cell intercalations (Topczewski et al, 2001; Jessen et al, 2002; Marlow et al, 2002; Kilian et al, 2003) and components of both pathways were shown to functionally interact (Marsden and DeSimone, 2001; Goto et al, 2005; Dzamba et al, 2009) . Interfering with the function of Rho-family GTPases RhoA and Rac produces phenotypes in mesoderm morphogenesis reminiscent of those resulting from Wnt/PCP and integrinfibronectin inactivation, and some aspects of Wnt/PCP and integrin-fibronectin loss-of-function phenotypes can be rescued by overexpression of these GTPases (Tahinci and Symes, 2003; Zhu et al, 2006) . This suggests that Wnt/PCP and integrin-fibronectin function in mesoderm polarization and intercalation by modulating Rho-family GTPase signalling, although very little is known about the spatiotemporal activity of these GTPases in mesoderm progenitors. It also remains to be elucidated whether cell polarization in vivo involves force-mediated segregation of adhesion structures and associated signals as it occurs during in vitro cell migration (see also sections 'Cell-matrix adhesion' and 'Cell-matrix adhesion signalling'). Retraction of the posterior edge is essential for single cell migration and front-to-rear cell polarization (Kaverina et al, 2000) . Similarly, during zebrafish gastrulation, destabilization and/or retraction of cellular protrusions contributes to cell polarization and directed migration. A ventral-to-dorsal gradient of bone morphogenetic protein (BMP) signalling within the zebrafish gastrula is thought to negatively regulate E-cadherin-mediated adhesion and consequently to destabilize ventrally oriented mesoderm cell protrusions. Consequently, mesoderm progenitors form more stable protrusions pointing dorsally, which is a prerequisite for their dorsal-directed convergence movements (von der Hardt et al, 2007) .
Efficient collective cell migration requires not only polarization and directed migration of single cells, but also efficient coordination of the migratory activity between the participating cells. This coordination is achieved by mechanically coupling individual cells into a supracellular entity, and cadherin adhesion molecules are prime candidates to control this process. Studies in zebrafish suggested that cadherin-mediated cell adhesion is essential for collective mesendoderm movements, but dispensable for individual mesendoderm migration (Arboleda-Estudillo et al, 2010) . Similarly, E-cadherin is required for the collective migration of Drosophila border cells by promoting their epithelial organization and frontal protrusion formation (Niewiadomska et al, 1999; Melani et al, 2008) . E-cadherin is also involved in collective cell movements during mammary duct formation (Ewald et al, 2008) , trachea development (Shaye et al, 2008) and cancer invasion (reviewed in Friedl and Gilmour, 2009 ). During collective movements, adhesion between individual cells needs to be dynamically regulated and precisely coordinated in order to allow cellular rearrangements within the group of co-migrating cells while maintaining its integrity. Wnt/PCP signalling has been suggested to regulate cell-cell adhesion dynamics in collective mesendoderm cell migration during zebrafish gastrulation by controlling E-cadherin intracellular trafficking (Ulrich et al, 2005) . The formation of supracellular actomyosin cables, potentially associated with adherens junctions, was also implicated in the coordination of mediolateral cell polarization and intercalation underlying convergence and extension movements during Xenopus gastrulation (Skoglund et al, 2008) .
Specific signalling proteins associated with cell-cell junctions are involved in regulating the function of E-cadherin during collective cell migration. For example, the LIM domain protein zyxin promotes collective cell migration by connecting the actin cytoskeleton between neighbouring cells at adherens junctions, thereby increasing junction stability (Sperry et al, 2009) . Similarly, collective migration of Drosopila border cells depends on Jun N-terminal kinase signalling, which promotes border cell cohesion (Wang et al, 2010) . These findings suggest that mechanical coupling of collectively migrating cells depends on downstream signals from cadherin-mediated cell-cell adhesions. It remains to be elucidated how such signals are spatiotemporally propagated between cells during collective migration.
In addition to providing a mechanical linkage between individual cells during collective migration, cell-cell and cell-matrix adhesion were also suggested to restrict the movement of co-migrating cells over each other (outof-plane movements). In E-cadherin-depleted zebrafish embryos, mesendoderm progenitors crawl over each other instead of maintaining their directed and highly aligned movements during gastrulation (Arboleda-Estudillo et al, 2010) . Similarly, integrin-mediated cell-matrix adhesion and Wnt/PCP signalling have been hypothesized to restrict outof-plane cell movements during convergent extension in Xenopus gastrulation (Green and Davidson, 2007) . One possible mechanism by which cadherins and Wnt/PCP signalling restrict out-of-plane cell movements is by polarizing cell protrusion formation through their effect on integrin-ECM adhesion (Goto et al, 2005; Davidson et al, 2006; Dzamba et al, 2009) . Alternatively, out-of-plane cell movements might be restricted by contact inhibiton among comigrating cells. Consistent with this assumption, Wnt/PCP has been shown to control contact inhibition between co-migrating neural crest cells in Xenopus embryos by regulating RhoA activity at the site of cell-cell contacts (Carmona-Fontaine et al, 2008 ). It appears, therefore, that Wnt/PCP interacts with cell-cell and cell-matrix adhesion in restricting out-of-plane movements of collectively migrating cells, although the precise mechanisms mediating this activity remain to be elucidated.
Taken together, collective cell migration requires both cell-cell and cell-matrix adhesion. Integrins and cadherins function in collective migration by both regulating individual cell protrusive activity and motility, and establishing cell-cell contact between neighbouring cells that both mechanically link these cells and restrict their movements relative to each other. It remains to be investigated, how adhesionmediated signals are transmitted within and between cells to promote directed and aligned cell movements during collective migration.
Outlook
The mechanosensory nature of adhesion receptors has an important function in the regulation of cell adhesion by balancing adhesion strength with extracellular signals and intracellular tension. Studies on cultured cells showed that mechanosensory remodelling of cell-cell and cell-matrix adhesion sites is achieved by recruiting heterogenous components in response to mechanical stimuli. The emergent picture from these studies is that forces at adhesion sites determine their molecular composition, which again modulates their signalling activity, and that the specific signalling activity feeds back on the mechanosensory properties of these adhesion sites. Recent advances in quantitative imaging techniques, such as development of new FRET biosensors and photactivatable proteins, will facilitate the analysis of how signals originating from specific adhesion sites are propagated within cells in order to integrate the cellular response to mechanical stimuli.
The mechanosensory function of cell-cell and cell-matrix adhesion sites is also likely to have an important function in tissue morphogenesis, although only very little is known about the actual function of adhesion-mediated mechanosensing in vivo. The majority of studies published on in vivo systems consider integrin-and cadherin-mediated adhesion sites as homogenous structures with uniform function. However, recent work suggests that similar to the situation in vitro, adhesion structures in vivo are highly heterogenous, and signals emanating from these adhesion sites are modulated by changes in their molecular composition in response to mechanical stimuli. In order to understand the function of adhesion in tissue morphogenesis, it will thus be essential to consider cadherin-and integrin-based adhesions as highly heterogenous structures that dynamically change their adhesive and signalling activity in a context-dependent manner. Future studies will have to unravel how the molecular composition of adhesion sites determines their signalling activity and mechansensory properties in vivo, and how local adhesion signalling is propagated between cells in order to control tissue morphogenesis.
